Abstract. 1. Species richness is influenced by local habitat features and large-scale climatic gradients. Usually, both influences are studied in isolation because of the divergent spatial scales at which they occur. Here, we compared the influence of large-scale climate and local habitat type on European ants using a continent-wide, standardised sampling programme.
Introduction
On large spatial scales, species richness is largely determined by latitudinal gradients of climate (Willig et al., 2003; Clarke & Gaston, 2006; Hawkins et al., 2007) . Generally, species richness increases from the poles to the equator, respectively, from arctic to tropical climates. This applies to most taxonomic groups and to organisms occupying terrestrial, freshwater, and marine environments. Energy-related factors are proposed to be the reason for these species-richness patterns (e.g. Hawkins et al., 2003) . In a still ongoing debate, many authors studied Correspondence: Sabrina Kumschick, Institute of Ecology and Evolution, University of Bern, Baltzerstrasse 6, 3012 Bern, Switzerland. E-mail: sabrina.kumschick@iee.unibe.ch possible reasons for the link between energy and species richness in different taxonomic groups (Hawkins et al., 2003; Willig et al., 2003; Evans et al., 2005) . They distinguish two potential mechanisms. First, the productivity hypothesis proposes that energy constrains richness via trophic cascades (Mittelbach et al., 2001) . It states that higher population densities at high levels of primary productivity allow more species to coexist and therefore lead to higher species richness. Second, the ambient energy hypothesis is founded on metabolic and mutation rates rather than food availability (Allen et al., 2002) . Still the mechanisms that determine species diversity might vary with spatial scale (Chase & Leibold, 2002) . On a local scale, productivity-diversity relations are often hump shaped, whereas on a regional scale they are linear.
Most of the existing studies on large-scale patterns of biodiversity on invertebrates deal with atlas data (but see Kaspari et al., 2000) . This kind of data source lacks information on densities, which are an integral part of suggested mechanisms such as the productivity hypothesis (see also Srivastava & Lawton, 1998) . Direct field sampling can provide such information. However, most field sampling studies were conducted over a relatively small spatial scale and field sampling studies on a large geographical extent on biodiversity are scarce.
Existing studies concerning ant species richness in northern Europe (e.g. Cushman et al., 1993) found a negative correlation between ants and latitude, therefore showing more ant species in the south and less towards the north. Previous studies on latitudinal gradients in species richness of ants in several regions of the world concluded that ants are more species rich in regions with higher energy input (e.g. Gotelli & Ellison, 2002; Kaspari et al., 2004) . Energy-related factors such as the number of hours of sunshine or temperature were proposed to play an important role in ant species richness patterns (Gotelli & Ellison, 2002) , but productivity may also be important (Kaspari et al., 2000) .
An advantage of sampled field data is that it is habitat specific. Including field data in a study of biodiversity might be important as at a local scale, since species and individuals interact with different factors than at regional scale. At a local scale, ants have different requirements to their habitat such as nest site availability (Way & Bolton, 1997) . Furthermore, the structural complexity of the foraging surface has an influence on ant species (Kaspari & Weiser, 1999) as well as disturbance of the soil (Robertson et al., 1994) . Ants are also sensitive to plant cover and diversity (Morrison, 1998) and disturbance regime in general (Feener & Schupp, 1998) . For these reasons, we take local habitat samples to explore potential mechanisms behind continental diversity patterns.
In this study, we tested for two main hypotheses concerning the relation of species richness and activity density to energy. We compared the influence of productivity and ambient energy on species richness and activity density. Additionally, we compared richness and activity density of ants between the four habitat types sampled (forest, scrubland, grassland, arable land) to account for their requirements on a local scale.
According to the ambient energy hypothesis, we expect equilibrium evapotranspiration (EET) to be the most important driver of ant species richness. The productive energy hypothesis predicts net primary productivity (NPP) to explain gradients in activity density and species richness of European ants, and this relation might be hump shaped as we sampled data on a local scale. Furthermore, we hypothesise that ants decrease along the disturbance gradient from forest to scrubland to grassland to arable land.
Material and Methods

Study organisms
Ants (Hymenoptera, Formicidae) are common in terrestrial habitats worldwide, excluding Antarctica and some oceanic islands. With 12 000 known species, they are a diverse insect family, but their contribution to biomass is even higher. Ants monopolise on average 15-20% of the entire terrestrial animal biomass, and in the tropics even 25% or more (Schultz, 2000) . Ants play numerous roles in communities and ecosystems, acting as scavengers, predators and herbivores (Hölldobler & Wilson, 1990) .
Data
Ants were sampled at 17 field sites distributed over Europe (Fig. 1) . Fourteen of the sites belong to the ALARM (www.alarmproject.net) field site network, which allowed us to conduct joint research over the whole continent. Three additional sites (Bern, Vienna, and Silkeborg) were chosen to fill geographic gaps. At each field site, two habitats were sampled, which consisted of arable land, grassland, scrubland or forest (Fig. 1) . There are two exceptions from this setup: Abisko (Sweden) had only scrubland as a result of the absence of agriculture, and at the Lesbos (Greece) site, only grassland was available. These four habitat types represent a gradient in disturbance and succession age.
To standardise sampling, we mailed pitfall trap material, preservation liquid, and an instruction manual to the respective field site managers, who performed the trapping procedure. Trapping was carried out in 2006 and started 5 days after the average start of the growing season in Europe for the period 1961 -1998 (Rötzer & Chmielewski, 2001 ). This varied from late March in the Mediterranean part of Europe to June in the northernmost field site of Abisko. Pitfall traps were installed 20 m from the road or track by which the habitat was accessed. Eight traps were placed in a transect 3 m apart from each other. Plastic beakers of 7 cm diameter and 8 cm height were used as traps, and dug into the soil so that the upper borders of the traps were at the level of the soil surface. Traps were filled with 0.1 L of a 4% formaldehyde solution as a trapping liquid, to which a few drops of solved sodium dodecyl sulphate (SDS) were added as detergent. After 2 weeks of trap exposure, traps were emptied and closed for 2 weeks. This procedure was repeated three times. The contents of all traps were shipped back to Bern where arthropods were transferred into 75% ethanol.
Ants were identified using existing keys for Central and Northern Europe (Collingwood, 1979; Czechowski et al., 2002; Kutter, 1977; Seifert, 2007) , the Iberian Peninsula (Collingwood, 1978) , and the reference collection of European ants of one of the authors (XE). Species numbers and densities of ants were pooled over the entire sampling period and log 10 -transformed prior to the analysis.
Climatic variables were extracted from a European gridded data set with a monthly time step and high spatial resolution (10 × 10 arc minute, which corresponds approximately with 16 km) described by Mitchell et al. (2004) . EET and NPP were estimated by running the LPJ-GUESS vegetation model (Smith et al., 2001) with the same climate data, and parameterised for representing the potential natural vegetation of Europe (Hickler et al., 2009) . EET is a direct measure of the energy provided to the atmosphere through radiation (Jarvis & McNaugthon, 1986). Estimating the potential evapotranspiration (PET), which is often used, is more complex as PET is also driven by water pressure gradients between the surface and the air masses above, which dynamically interact with the actual evapotranspiration (AET) and depend on the amount of water transported away from the surface by wind (Hobbins et al., 2001) . On large scales (such as grid cells with several kilometre extent), PET can be estimated by multiplying EET with a constant of approximately 1.3 (Hobbins et al., 2001) . For all variables, we used yearly totals, averaged for 1971-2000, to characterise the general conditions at the sites.
LPJ-GUESS is a process-based, dynamic vegetation model that simulates successional vegetation development and biogeochemical fluxes (Smith et al., 2001) . Model representations of ecophysiologial processes, such as photosynthesis, respiration, and transpiration, are derived from those of the widely used Lund-Potsdam-Jena Dynamic Global Vegetation Model (LPJ-DGVM; Sitch et al. 2003) . The approach for modelling tree population dynamics has been adopted from so-called forest 'gap models', in which establishment, growth, and mortality of tree individuals or cohorts, as well as disturbance events, are simulated for a number of replicate patches (approximately 1000 m 2 ), the average of all simulations representing the regional vegetation (here a 10 × 10 arc minute grid cell; approximately 16 × 16 km). Model inputs consist of daily mean temperature, rainfall, radiation, atmospheric CO 2 concentration, and soil texture. The model and its set-up for this study is fully described in Smith et al. (2001) , Gerten et al. (2004) for hydrological updates, and Hickler et al. (2009) . LPJ-GUESS and the closely related LPJ-DGVM (Sitch et al., 2003) have formerly been shown to reproduce observed variations in NPP and water cycling across various biomes (e.g. Gerten et al., 2004; Hickler et al., 2006) .
Analyses
We checked for sample completeness (how much of all potential species we sampled) by dividing observed species richness by the abundance-based coverage estimator (a nonparametric estimator to estimate the potential number of species living at a given site) using the programme EstimateS (Colwell et al., 2004) . As sample completeness was nearly 100% at most sites and similar between habitats (Supporting information Table S1 and S2), we used raw species richness in the following. Influences of climate on local species richness were tested using general linear models in R version 2.6.1 (R Development Core Team, 2007) . Ant species richness and activity density was analysed with respect to the climatic variables EET and NPP, their quadratic response and habitat type. Furthermore, interactions between climatic variables and habitat type were tested. Afterwards, we carried out an anova (error type II; according to the principle of marginality, testing each term after all others) of the reduced models with the R package car for estimating the overall effect of categorical variables with more than two levels. To correct for shortscale autocorrelation between the habitats per location, we additionally calculated the average species richness and density of the two habitats and repeated the analyses with just these 17 locations. To compare the influences of the different habitat types, we performed a Tukey HSD test on the residuals of species richness and activity density after accounting for EET. The residuals were used to only account for the variation in the data after correcting for the influence of climate.
Results
Productivity versus ambient energy
Species richness and activity density were best explained by models with habitat type and EET (Table 1 , Fig. 2a,b ; Figures with NPP, Supporting information Fig. S1 ) and there were no significant quadratic terms (not shown). These results are robust when testing average species richness and density with respect to EET in the 17 locations (Species richness: P = 0.03; Density: P = 0.04). Species richness and activity density increased with increasing EET. EET explained 30.2% of the variance in species richness and 24.2% of activity density. Interactions between climatic variables and habitat type were not significant (P > 0.2).
Habitats
Habitat type significantly influenced species richness and activity density after accounting for EET (Table 1) . Habitat type explained 19.2% of the variance in species richness and 20.2% in activity density of ants in Europe. Post hoc testing of the different habitat types in field sampling data showed that species richness (P = 0.016) and activity density (P = 0.026) were significantly lower in forest than in scrubland (Fig. 3a,b) . Furthermore, there was a trend towards lower activity density in arable land than scrubland (P = 0.075).
Discussion
Productivity versus ambient energy
Low levels of ambient energy are considered to be the primary stress controlling global patterns of ant productivity and community structure (Andersen, 1995) . Our results confirm this, namely that more ants occur where energy is high. There are two explanations for this pattern. On the one hand, it is very likely that because of higher energy input, metabolic rate and therefore population density is increased in lower latitudes (Allen et al., 2002) , leading to higher species richness. On the other hand, it is also possible that it is low energy in the north, which diminishes species richness because of limited cold resistance of many ant species. This might make the pattern even clearer. It is well known that temperature is a pre-eminent condition for ant populations. As a taxon ants are thermophilic, shutting down in winter and avoiding cold shade within the studied latitudes (Brian & Brian, 1951) . Thus, it is likely that there are fewer ant species which can survive cold temperature and that these are less active. Ants are constrained to forage when it is warm, but not too warm. This results in a temperature envelope in which most ants forage at temperatures higher than 10
• C and cease foraging much above 40
• C, with an average peak foraging temperature of 30
• C (Hölldobler & Wilson, 1990 ). In the northern sampling locations of this study, the average temperature was around 0-6 • C, and this is too cold for many ant species. Overall, ant species richness and density is positively correlated with EET in Europe. In contrast, Kaspari et al. (2000) found that net aboveground productivity (NAP) is the best predictor of local ant densities between 44
• N and 0
• N in the Western Hemisphere. However, Kaspari et al. (2000) used AET as a surrogate for NAP, and AET was modelled from mean monthly temperature and rainfall data, vegetation type and latitude. AET is generally highly correlated with NAP, but such a coarse approach does not necessarily reflect NAP at each site. The predominant role of productive energy in Kaspari et al. (2000) and of ambient energy in the current study might also be explained by the different range of climates and habitat types studied. At the habitat level, productivity and resulting food availability is most likely to be limited in hot and dry habitats such as the desert (Marsh, 1986) . While Kaspari et al. (2000) included deserts in their analysis, the habitats that we investigated may all provide sufficient amounts of food for high levels of ant diversity and density. In contrast, ants may be unable to exploit even abundant food resources when levels of ambient energy are too low for workers to be active (Hölldobler & Wilson, 1990 ). This may be important mostly at high latitudes above 45
• N, which comprise the majority of our sampling sites but not in the study of Kaspari et al. (2000) . Notably, Hawkins et al. (2003) found a latitudinal shift from ambient to productive energy to be driving species richness patterns. Ambient energy seems to limit species richness mostly at high latitudes, whereas productive energy governs the picture from the Mediterranean to the tropics. Kerr and Packer (1997) found that for North American mammals this shift takes place at around 45-48
• N, and similar latitudes were found for other taxa (Hawkins et al., 2003) . Estimating NPP in the field is very demanding, because some important components are difficult to measure (e.g. root exudates and fine root turnover). Even measurements of ambient energy are rarely available for sites with species richness or diversity estimates. Therefore, most studies covering a number of sites over large environmental gradients rely on modelled proxies for ambient and productive energy, often based upon coarse-scale or nearby weather station climate data. This applies also to our study, but the climate data used for estimating energy has a relatively fine scale (about 16 km) and we use modelled NPP instead of proxies such as AET, making us confident that the presented relationships reflect real-world processes.
Despite the clear correlation of ant richness and density with ambient energy, there is possibly another, historical explanation for this pattern. There might be time-lags in post-glacial recovery of ant species range distributions across Europe. For example, for European trees it has been found that postglacial dispersal limitation might be a strong determinant of current tree diversity and distribution patterns (Svenning & Skov, 2007) . This might to a certain extent also apply to ants, as they are also limited in dispersal. Still, in many cases it is not possible to separate contemporary explanations from historical ones and therefore, we concentrate on contemporary climatic explanations in this study.
Habitats
From an ant perspective, temperature is a product of both climate (which controls ambient temperature) and habitat structure (which determines the degree of insolation of the foraging surface and therefore microclimate). Low-temperature stress is high in cool and shaded habitats, moderate in cool and open or warm and shaded habitats, and low in warm and open habitats (Andersen, 1995) . This explains why ant richness was comparatively low in the forest, despite its low level of habitat disturbance.
The availability of nest sites (the range of types and their abundance) exerts an important influence on ant productivity and community structure. The range of types of nest sites varies with the structural complexity of the habitat, and this range constrains the types of ants that can occur there (Armbrecht et al., 2004) . Furthermore, complexity of the foraging surface exerts a major influence on the ability of ant species to capture food resources (size-grain hypothesis; Farji-Brener et al., 2004) . For example, leaf litter on the ground reduces the efficiency with which resources can be located, retrieved, and defended by epigeic ants. This factor has a major effect on ant community structure and possibly also influences overall ant productivity. This provides an additional explanation why ant richness was comparatively low in the forests.
We expected that habitat disturbance would reduce ant species richness and activity density. This expectation was only confirmed regarding a slight decrease in activity density in arable land. A limitation of disturbance effects to arable land may be a result of the dominant importance of soil disturbance, which affects ants through the disruption of nests (Peck et al., 1998) . Having controlled for regional climate, species richness and activity density of ants is highest in scrubland in Europe.
Conclusion
For the first time, we have quantified the relative importance of large-scale climatic gradients, productivity, and habitat type as drivers of ant biodiversity in Europe. Habitat type and large-scale climate influence ant species richness and activity density to a similar extent, but available energy is probably the main driver as it also correlates with habitat types. However, our results also suggest an important role for the disturbance of habitats. from the Climatic Research Unit, University of East Anglia, provided the CRU 2.1 gridded climate data set. FSN is funded by the EC within the FP 6 Integrated Project ALARM (Assessing LArge scale environmental Risks for biodiversity with tested Methods; GOCE-CT-2003-506675; www.alarmproject.net).
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